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^h ■ The perovskite-like ferroelectric system PhZri-ajTi^^Os (PZT) has a nearly vertical morphotropic 

fSJ ' phase boundary (MPB) around x= 0.45-0.50. Recent synchrotron x-ray powder diffraction measure- 

ments by Noheda et al. [Appl. Phys. Lett. 74, 2059 (1999)] have revealed a new monoclinic phase 
between the previously-established tetragonal and rhombohedral regions. In the present work we 
O \ describe a Rietveld analysis of the detailed structure of the tetragonal and monoclinic PZT phases 

f ' on a sample with x= 0.48 for which the lattice parameters are respectively: a.t= 4.044 A, Ct= 4.138 

A, at 325 K, and a™= 5.721 A, b^= 5.708 A, c„= 4.138 A, /3= 90.496°, at 20K. In the tetragonal 
phase the shifts of the atoms along the polar [001] direction are similar to those in PbTiOs but the 
refinement indicates that there are, in addition, local disordered shifts of the Pb atoms of ~0.2 A 
perpendicular to the polar axis. The monoclinic structure can be viewed as a condensation along 
C^ , one of the (110) directions of the local displacements present in the tetragonal phase. It equally well 

corresponds to a freezing-out of the local displacements along one of the (100) directions recently 
reported by Corker et al. [J. Phys. Condens. Matter 10, 6251 (1998)] for rhombohedral PZT. The 
'■^ . monoclinic structure therefore provides a microscopic picture of the MPB region in which one of 

(Ih ' the "locally" monoclinic phases in the "average" rhombohedral or tetragonal structures freezes out, 

O \ and thus represents a bridge between these two phases. 

> 

\0 ' I. INTRODUCTION 

O' 

^•^ \ Perovskite-like oxides have been at the center of research on ferroelectric and piezoelectric materials for the past fifty 

^y. • years because of their simple cubic structure at high temperatures and the variety of high symmetry phases with polar 

^\ \ states found at lower temperatures. Among these materials the ferroelectric PbZri-ajTi^jOa (PZT) solid solutions have 

attracted special attention since they exhibit an unusual phase boundary which divides regions with rhombohedral 

d ' and tetragonal structures, called the "morphotropic phase boundary" (MPB) by Jaffe et alu. Materials in this region 

S . exhibit a very high piezoelectric response, and it has been conjectured that these two features are intrinsically related. 

I ■ The simplicity of the perovskite structure is in part responsible for the considerable progress made recently in the 

y , determination of the basic structural properties and stability of phases of some important perovskite oxides, based on 

^ ■ ab-initio calculations (see, e.g.JjQ). Recently, such calculations have also been used to investigate solid solutionSpand, 

f\ ' in particular, PZT, where the effective Hamiltonian includes both structural and compositional degrees of freedomll2rt3 

.> ; The PZT pl,.se diag™, of J.ffe ., „,fl. which cove. „n,y .e,„pc,aU,rcs .hove 300 K, ha, been accepted ., .he 

^^ . basic characterization of the PZT solid solution. The ferroelectric region of the phase diagram consists mainly of two 
$H ' different regions: the Zr-rich rhombohedral region, (F/j) that contains two phases with space groups R3m and R3c, 

5t , and the Ti-rich tetragonal region (Ft), with space group P4mmE3. The two regions are separated by a boundary that 
is nearly independent of temperature, the MPB mentioned above, which lies at a composition close to x= 0.47. Many 
structucaLatudies have been reported around the MPB, since the early 1950's, when these solid solutions were first 
studiedEj'EJ, since the high piezoelectric figurc-of-merit that makes PZT so extraordinary is closely associated with 
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this lineElo .The difficulty in obtaining good single crystals in this region, and the characteristics of the boundary 
itself, make good compositional homogeneity essential if single phase ceramic materials are to be obtained. Because of 
this, the MPR^is frequently reported as a region of phase-coexistence whose width depends on the sample processing 
conditional3~0. 

Recently, an entirely new feature of the niorphotropic phase boundary haSjiieen revealed by the discovery of a 
new ferroelectric monoclinic phase (Fm) in the Pb(Zri_a;Tia;)03 ceramic systemEj. From a synchrotron x-ray powder 
diffraction study of a composition with x=0.48, a tetragonal-to-monoclinic phase transition was discovered at ~300 
K. The monoclinic unit cell is such that a™ and bm lay along the -tetragonal [TTO] and [110] directions (a^ « b™ « 
afy2), and Cm deviates slightly from the [001] direction (cm ~ Ct)c3 . The space group is Cm, and the temperature 
dependence of the monoclinic angle /? gives immediately the evolution of the order parameter for the tetragonal- 
monoclinic (Ft^-F^ ) transition. The polar axis of the monoclinic cell can in principle be directed along any direction 
within the ac mirror plane, making necessary a detailed structural study to determine its direction. 

In the present work we present such a detailed structure determination of the monoclinic phase at 20 K and the 
tetragonal phase at 325 K in PZT with x= 0.48. The results show that the polarization in the monoclinic plane 
lies along a direction between the pseudo-cubic [001]c and [lll]c directions, corresponding to the first example of a 
species with P^= P^ 7^ P^. A tentative phase diagram is presented in Figure! , which includes data for the x= 0.48 
composition together with those of the recently-studied x= 0.50 compositionE3. The most striking finding, however, 
is that the monoiclJnic cation displacements found here correspond to one of the three locally disordered sites reported 
by Corker et alE3 for rhombohedral compositions in the region x= 0.1-0.4, and thus provide a microscopic model 
of the rhombohedral-to-monoclinic phase transition. This, together with the fact that the space group of the new 
phase. Cm, is a subgroup of both P4mm and R3m, suggests that Fm represents an intermediate phase connecting 
the well-known Ft and Fj^ PZT phases. 

II. EXPERIMENTAL 

A PZT sample with x= 0.48 was prepared by conventional solid-state reaction techniques using appropriate amounts 
of reagent-grade powders of lead carbonate, zirconium oxide and titanium oxide, with chemical purities better than 
99.9%. Pellets were pressed and heated to 1250°C at a ramp rate of 10°C/min, held at this temperature in a covered 
crucible for 2 hours, and furnace-cooled. During sintering, PbZrOa was used as a lead source in the crucible to 
minimize volatilization of lead. 

High-resolution synchrotron x-ray powder diffraction measurements were made at beam line X7A at the Brookhaven 
National Synchrotron Light Source. In the first set of measurements, an incident beam of wavelength 0.6896 A from a 
Ge(lll) double-crystal monochromator was used in combination with a Ge(220) crystal and scintillation detector in 
the diffraction path. The resulting instrumental resolution is about 0.01° on the 29 scale, an order-of-magnitude better 
than that of a laboratory instrument. Data were collected from a disk in symmetric flat-plate reflection geometry 
over selected angular regions in the temperature range 20-736 K. Coupled 9- 29 scans were performed over selected 
angular regions with a 29 step interval of 0.01°. The sample was rocked 1-2° during data collection to improve powder 
averaging. 

Measurements above room temperature were performed with the disk mounted on a BN sample pedestal inside 
a wire-wound BN tube furnace. The furnace temperature was measured with a thermocouple mounted just below 
the pedestal and the temperature scale calibrated with a sample of CaF2. The accuracy of the temperature in the 
furnace is estimated to be within 10 K, and the temperature stability about 2 K. For low temperature measurements, 
the pellet was mounted on a Cu sample pedestal and loaded in a closed-cycle He cryostat, which has an estimated 
temperature accuracy of 2 K and stability better than 0.1 K. The diffracted intensities were normalized with respect 
to the incident beam monitor. 

For the second set of measurements aimed at the detailed determination of the structure, a linear position-sensitive 
detector was mounted on the 29 arm of the diffractometer instead of the crystal analyzer, and a wavelength of 0.7062 
A was used. This configuration gives greatly-enhanced counting rates which make it feasible to collect accurate data 
from very narrow-diameter capillary samples in Debye-Scherrer geometry, with the advantage that systematic errors 
due to preferred orientation or texture effects are largely eliminated. A small piece of the sintered disk was carefully 
crushed and sealed into a 0.2 mm diameter glass capillary. The latter was loaded into a closed-cycle cryostat, and 
extended data sets were collected at 20 and 325 K while the sample was rocked over a 10° range. With this geometry 
the instrumental resolution is about 0.03° on the 29 scale. Because lead is highly absorbing, the data were corrected 
for absorption effectscj based on an approximate value of iir = 1.4 determined from the weight and dimensions of the 
sample. 



III. PHASE TRANSITIONS 

The evolution of the lattice parameters with temperature was briefly summarized in ref. [20] , and a more complete 
analysis is presented below. The results of the full structure analysis are described later. 

A transition from the cubic to the tetragonal phase was observed at ^--^660 K, in agreement with the phase diagram 
shown in Fig. 1. The measurements made on the pellet in the cubic phase at 736 K demonstrate the excellent quality 
of the sample, which exhibits diffraction peaks with full-widths at half-maximum (FWHM) ranging from 0.01 to 0.03° 
as shown for the (111) reflection plotted as the upper-right inset in Fig. 2. The FWHM's (F) for several peaks were 
determined from least-squares fits to a pseudo-Voigt function with the appropriate corrections for asymmetry effectsEa, 
and_cprrected for instrumental resolution. The corrected values are shown in Fig. 2 in the form of a Williamson-Hall 

piotB 

rcose' = A/L + 2(Ad/d)sin6l (3.1) 

where A is the wavelength and L is the mean crystallite size. From the slope of a linear fit to the data, the distribution 
of d-spacings, Ad/d, is estimated to be ^ 3 x 10^^, corresponding to a compositional inhomogeneity Ax of less than 
±0.003. From the intercept of the line on the ordinate axis the mean crystallite size is estimated to be ~1 itm. 

A tetragonal-to-monoclinic phase transition in PZT with x= 0.48 was recently reported by Noheda et alxn. Addi- 
tional data have been obtained near the phase transition around 300 K which have allowed a better determination of 
the phase transition to be made, as shown by the evolution of the lattice parameters as a function of temperature in 
Figure 3. The tetragonal strain, Cj/at, increases as the temperature decreases from the Curie point (Tp^ 660K), to a 
value of 1.0247 at 300 K, below which peak splittings characteristic of a monoclinic phase with &„i ~ b„i « a.t\/2 , 
/3 ^ 90°, are observed (Figure 3). As the temperature continues to decrease down to 20 K, a„j (which is defined to lie 
along the [TTO] tetragonal direction) increases very slightly, and bm (which lies along the [110] tetragonal direction) 
decreases. The c^ lattice parameter reaches a broad maximum value of 4.144 A between 240-210 K and then reaches 
a shallow minimum value of 4.137 A at 60 K. Over the same temperature region there is a striking variation of Ad/d 
determined from Williamson-Hall plots at various temperatures, as shown in the upper-left inset in Fig. 2. Ad/d 
increases rapidly as the temperature approaches the F^-Fm transition at 300K, in a similar fashion to the tetragonal 
strain, and then decreases rapidly below this temperature in the monoclinic region. Thus the microstrain responsible 
for the large increase in Ad/d is an important feature of the phase transition, which may be associated with the 
development of local monoclinic order, and is very likely responsible for the large electromechanical response of PZT 
close to the MVm. 

The deviation of the monoclinic angle j3 from 90° is an order parameter of the F^-Fm transition, and its evolution 
with temperature is also depicted in Figure 3. This phase transition presents a special problem due to the steepness of 
the phase boundary (the MPB in Fig. 1). As shown in the previous section, the compositional fiuctuations are quite 
small in these ceramic samples (Ax« ±0.003) but, even in this case, the nature of the MPB implies an associated 
temperature uncertainty of ATw 100 K. There is, therefore, a rather wide range of transition temperatures instead 
of a single well-defined transition, so that the order parameter is smeared out as a function of temperature around 
the phase change, thereby concealing the nature of the transition. 

Scans over the (220)c region for several different temperatures are plotted in Figure 4, which shows the evolution 
of phases from the cubic phase at 687 K (upper- left plot) to the monoclinic phase at 20 K (lower-right plot), passing 
through the tetragonal phase at intermediate temperatures. With decreasing temperature, the tetragonal phase 
appears at ^660 K and the development of the tetragonal distortion can be observed on the left side of the figure 
from the splitting of the (202)t and (220)t reflections. On the right side of the figure, the evolution of the monoclinic 
phase, which appears below ~300 K, is shown by the splitting into the (222)„i, (222)^,, (400)„i and (040)m monoclinic 
reflections. It is quite evident from Fig. 4 that the (202)t peak is much broader than the neighboring (220)t peak, for 
example, and this "anisotropic" peak broadening is a general feature of the diffraction data for both phases. Another 
feature of the patterns is the presence of additional diffuse scattering between neighboring peaks, which is particularly 
evident between tetragonal (001) and (hOO) pairs, and the corresponding monoclinic (001) and (hhO) pairs. 

IV. STRUCTURE DETERMINATION 

A detailed analysis of the 325 K tetragonal and 20 K_monoclinic structures of PbZro.52Tio.48O3 was carried out 1^ 
Rietveld reflnement using the GSAS program packagecZl. The pseudo-Voigt peak shape function option was chosena 
and background was estimated by linear interpolation between fixed values. An important feature of the refinements 
was the need to allow for the anisotropic peak broadening mentioned above. This was accomplished by the use of 



the recently-incorporated generalized model for anisotropic peak broadening proposed by StephenscS, which is based 
on a distribution of lattice parameters. It was also necessary to take into account some additional diffuse scattering 
by modeling with a secpad, cubic, phase with broad, predominately Gaussian, peaks. A similar strategy has been 
adopted by MuUer et aLcj in a recent study of PbHtg. 4X10.503. Although in principle this could represent a fraction of 
untransformcd cubic phase, we suspect that the diffuse scattering is associated with locally disordered regions in the 
vicinity of domain walls. The refinements were carried out with the atoms assigned fully-ionized scattering factors. 

A. Tetragonal structure at 325 K 

At 325 K the data show tetragonal symmetry similar to that of PbTiOs. This tetragonal structure has the space 
group P4mm with Pb in 1(a) sites at (0, 0, z); Zr/Ti and 0(1) in 1(b) sites at (1/2, 1/2, z) and 0(2) in 2(c) sites at 
(1/2, 0, z). For the refinement we adopt the same convention as that used in refs.[30] and [31] for PbTiOa, with Pb 
fixed at (0,0,0). However, instead of thinking in terms of shifts of the other atoms with respect to this origin, it is more 
physically intuitive to consider displacements of Pb and Zr/Ti from the center of the distorted oxygen cuboctahedra 
and octahedra, respectively. We shall take this approach in the subsequent discussion. 

The refinement was first carried out with individual isotropic (\Jiso) temperature factors assigned. Although a 
reasonably satisfactory fit was obtained {Kp2— 8.9%), Visa for 0(1) was slightly negative and Ui^o for Pb was very 
large, 0.026 A^, much larger than Viso for the other atoms. Similarly high values for Pb(Uiso) in Pb-based perovskites 
are well-known in the literature, and are usually ascribed to locali-disordered displacements, which may be either 
static or dynamic. Refinement with anisotropic temperature factortS (Un and U33) assigned to Pb (Table I, model 
I) gave an improved fit (Rf2= 6.1%) with Uii(= U22) considerably larger than U33 (0.032 and 0.013 A^, respectively) 
corresponding to large displacements perpendicular to the polar [001] axis. A further refinement based on local 
displacements of the Pb from the 1(a) site to the 4(d) sites at (x,x,0), with isotropic temperature factors assigned 
to all the atoms, gave a small improvement in the fit ( Ilp2= 6.0%) with x~ 0.033, corresponding to local shifts 
along the (110) axes, and a much more reasonable temperature factor (Table I, model II). In order to check that high 
correlations between the temperature factor and local displacements were not biasing the result of this refinement, 
we have applied a commonly-used procedure consisting of a series of refinern/rnts based on Model II in which Pb 
displacements along (110) were fixed but all the other parameters were variecoS. Fig. 5 shows unambiguously that 
there is well-defined minimum in the R-factor for a displacement of about 0.19 A, consistent with the result in Table I. 
A similar minimum was obtained for shifts along (100) directions with a slightly higher R-factor. Thus, in additic 
a shift of 0.48 A for Pb along the polar [001] axis towards four of its 0(2) neighbors, similar to that in PbTi03Ejt 
there is a strong indication of substantial local shifts of ~0.2 A perpendicular to this axis. The Zr/Ti displacement 
is 0.27 A along the polar axis, once again similar to the Ti shift in PbTi03. Attempts to model local displacements 
along (110) directions for the Zr/Ti atoms were unsuccessful due to the large correlations between these shifts and 
the temperature factotT-iFurther attempts to refine the z parameters of the Zr and Ti atoms independently, as Corker 
et al. were able to docJ, were likewise unsuccessful, presumably because the scattering contrast for x-rays is much 
less than for neutrons. 

From the values of the atomic coordinates listed in Table |, it can be inferred that the oxygen octahedra are 
somewhat more distorted than in PbTi03, the 0(1) atoms being displaced 0.08 A towardspthe 0(2) plane above. The 
cation displacements are slightly larger than those recently reported by Wilkinson et a/.EZl for samples close to the 
MPB containing a mixture of rhombohedral and tetragonal phases, and in excellent agreement with the theoretical 
values obtained by L. Bellaiche and D. VanderbiltH for PZT with x= 0.50 from first principles calculations. As far 
as we are aware no other structural analysis of PZT compositions in the tetragonal region has been reported in the 
literature. 

Selected bond distances for the two models are shown in Table ||. For model I, Zr/Ti has short and long bonds with 
0(1) of 1.85 and 2.29 A, respectively, and four intermediate-length 0(2) bonds of 2.05 A. There are four intermediate- 
length Pb-O(l) bonds of 2.89 A, four short Pb-0(2) bonds of 2.56 A and four much larger Pb-0(2) distances of 3.27 
A. For model II, the Zr/Ti-0 distances are the same, but the Pb-0 distances change significantly. A Pb atom in one 
of the four equivalent (x,x,0) sites in Table | now has a highly distorted coordination, consisting of two short and 
two intermediate Pb-0(2) bonds of 2.46 and 2.67 A, and one shghtly longer Pb-O(l) bond of 2.71 A (Table H). The 
tendency of Pb"*"^, which has a lcp£pSp_electron pair, to form short covalent bonds with a few neighboring oxygens is 
well documented in the literatur(£j'LJCil. 

The observed and calculated diffraction profiles and the difference plot are shown in Figure ra for a selected 26 range 
between 7 and 34° (upper figure). The short vertical markers represent the calculated peak positions. The upper and 
lower sets of markers correspond to the cubic and tetragonal phases, respectively. We note that although agreement 
between the observed and the calculated profiles is considerably better when the diffuse scattering is modeled with 



a cubic phase, the refined values of the atomic coordinates are not significantly affected by the inclusion of this 
phase. The anisotropic peak broadening wasJpund to be satisfactorily described by two of the four parameters in the 
generalized model for tetragonal asymmetryEa. 



B. Monoclinic structure at 20 K 



As discussed above, the diffraction data at 20 K can be indexed unambiguously on the basis of a monoclinic cell 
with space group Cm. In this case Pb, Zr/Ti and 0(1) are in 2(a) sites at (x, 0, z), and 0(2) in 4(b) sites at (x, y, z). 
Individual isotropic temperature factors were assigned, and Pb was fixed at (0,0,0). For monoclinic symmetry, the 
generalized expression for anisotropic peak broadening contains nine parameters, but when all of these were allowed 
to vary the refinement was slightly unstable and did not completely converge. After several tests in which some of 
the less significant values were fixed at zero, satisfactory convergence was obtained with 3 parameters {Rwp — 0.036 
, x^ — 11.5). During these tests, there was essentially no change in the refined values of the atomic coordinates. A 
small improvement in the fit was obtained wh en a nisotropic temperature factors were assigned to Pb {Rwp = 0.033, 



X^ — 9.2). The final results are listed in Table |III|. and the profile fit and difference plot are shown in the lower part 
of Fig. 



From an inspection of the results in Tables M and III, it can be seen that the displacements of the Pb and Zr/Ti 
atoms along [001] are very similar to those in the tetragonal phase at 325 K, about 0.53 and 0.24A, respectively. 
However, in the monoclinic phase at 20 K, there are also significant shifts of these atoms along the monoclinic [TOO], 
i.e. pseudo-cubic [110], towards their 0(2) neighbors in adjacent pseudo-cubic (110) planes, of about 0.24 and 0.11 A, 
respectively, which corresponds to a rotation of the polar axis from [001] towards pseudo-cubic [111]. The Pb shifts 
are also qualitatively consistent with the local shifts of Pb along the tetragonal (110) axes inferred from the results 
of model II in Table |, i.e. about 0.2 A. Thus it seems very plausible that the monoclinic phase results from the 
condensation of the local Pb displacements in the tetragonal phase along one of the (110) directions. 

Some selected bond distances are listed in Table ||. The Zr/Ti-0(1) distances are much the same as in the tetragonal 
structure, but the two sets of Zr/Ti-0(2) distances are significantly different, 1.96 and 2.13 A, compared to the single 
set at 2.04 A in the tetragonal structure. Except for a shortening in the Pb-O(l) distance from 2.71 to 2.60 A, the 
Pb environment is quite similar to that in the tetragonal phase, with two close 0(2) neighbors at 2.46 A, and two at 
2.64 A. 

V. DISCUSSION 

In the previous section, we have shown that the low-temperature monoclinic structure of PbZro.52Tio.48O3 is derived 
from the tetragonal structure by shifts of the Pb and Zr/Ti atoms along the tetragonal [110] axis. We attribute this 
phase transition to the condensation of local (110) shifts of Pb which are present in the tetragonal phase along one of 
the four (110) directions. In the context of this monoclinic structure it is instructive to consider the structural model 
for rhombohedral PZT compositions with x= 0.08-0.38 recently reported by Corker el aLt3 oa, the basis of neutron 
powder diffraction data collected at room temperature. In this study and also an earlier studyca of a sample with x= 
0.1, it was found that satisfactory refinements could only be achieved with anisotropic temperature factors, and that 
the thermal ellipsoid for Pb had the form of a disk perpendicular to the pseudo-cubic [111] axis. This highly unrealistic 
situation led them to a physically much more plausible model involving local displacements for the Pb atoms of about 
0.25 A perpendicular to the [111] axis and a much smaller and more isotropic thermal ellipsoid. Evidence for local 
shifts of Pb. atoms in PZT ceramics has also been demonstrated by pair-distribution function analysis by Teslic and 
coworkers^ 

We now consider the refined values of the Pb atom positions with local displacements for rhombohedral PZT listed 
in Table 4 of ref.[23]. With the use of the appropriate transformation matrices, it is straightforward to show that 
these shifts correspond to displacements of 0.2-0.25 A along the direction of the monoclinic [100] axis, similar to what 
is actually observed for x= 0.48. It thus seems equally plausible that the monoclinic phase can also result from the 
condensation of local displacements perpendicular to the [111] axis. 

The monoclinic structure can thus be pictured as providing a "bridge" between the rhombohedral and tetragonal 
structures in the region of the MPB. This is illustcated in Table f^ which compares the results for PZT with x=0.48 
obtained in the_present study with earlier resultsC^ for rhombohedral PZT with x= 0.40 expressed in terms of the 
monoclinic cellcj. For x= 0.48, the atomic coordinates for Zr/Ti, 0(1) and 0(2) are listed for the "ideal" tetragonal 
structure (model I) and for a similar structure with local shifts of (0.03, 0.03, 0) in the first two columns, and for 



the monoclinic structure in the third column. The last two columns describe the rhombohedral structure for x= 0.40 
assuming local shifts of (-0.02, 0.02, 0) along the hexagonal axes and the as-refined "ideal" structure, respectively. It 
is clear that the condensation of these local shifts gives a very plausible description of the monoclinic structure in both 
cases. It is also interesting to note the behavior of the corresponding lattice parameters; metrically the monoclinic 
cell is very similar to the tetragonal cell except for the monoclinic angle, which is close to that of the rhombohedral 
cell. 

Evidence for a tetragcoial-to-monoclinic transition in the ferroelectric material PbFeo.5Nbo.5O3 has also been re- 
ported by Bonny et aZo from single crystal and synchrotron x-ray powder diffraction measurements. The latter 
data show a cubic-tetragonal transition at ~376K, and a second transition at ^355K. Although the resolution was 
not sufficient to reveal any systematic splitting of the peaks, it was concluded that the data were consistent with a 
very weak moftoclinic distortion of the pseudo-rhombohedral unit cell. In a recent neutron and x-ray powder study, 
Lampis et aZ.ca have shown that Rietveld refinement gives better agreement for the monoclinic structure at 80 and 
250 K than for the rhombohedral one. The resulting monoclinic distortion is very weak, and the large thermal factor 
obtained for Pb is indicative of a high degree of disorder. 

The relationships between the PZT rhombohedral, tetragonal and monoclinic structures are also shown schemati- 
cally in Figure 7, in which the displacements of the Pb atom are shown projected on the pseudo-cubic (110) mirror 
plane. The four locally disordered (110) shifts postulated in the present paper for the tetragonal phase are shown 
supeumposed on the [001] shift at the left (Fig. 7a) and the three locally disordered (100) shifts proposed by Corker 
et alE3 for the rhombohedral phase are shown superimposed on the [111] shift at the right (Fig. 7c). It can be seen 
that both the condensation of the [110] shift in the tetragonal phase and the condensation of the [001] shift in the 
rhombohedral phase leads to the observed monoclinic shift shown at the center (Fig. 7b). We note that although 
Corker et al. discuss their results in terms of (100) shifts and a [111] shift smaller than that predicted in the usual 
refinement procedure, they can be equally well described by a combination of shifts perpendicular to the [111] axis 
and the [111] shift actually obtained in the refinement, as is evident from Fig. 7c. 

We conclude, therefore, that the Fm phase establishes a connection between the PZT phases at both sides of the 
MPB through the common symmetry element, the mirror plane, and suggest that there is not really a morphotropic 
phase boundary, but rather a "morphotropic phase" , connecting the Ft and F^ phases of PZT. 

In the monoclinic phase the difference vector between the positive and negative centers of charge defines the polar 
axis, whose orientation, in contrast to the case of the F^ and Yr phases, cannot be determined on symmetry grounds 



alone. According to this, from the results shown in Table III, the polar axis in the monoclinic phase is found to be tilted 



about 24° from the [001] axis towards the [111] axis. This structure represents the first example of a ferroelectric 
material with P^= P^ ^P^, (P^^, Py, Pz) being the Cartesian compoMnts of the polarization vector. This class 
corresponds to the so-called m3m(12)A2Fm type predicted by ShuvaloveJ. It is possible that this new phase is one of 
the rare examples of a two-dimensional ferroelectridlj in which the unit cell dipolc moment switches within a plane 
containing the polar axis, upon application of an electric field. 

This new ¥m phase has important implications; for example, it might explain the well-known shifts of the anomalies 
of many physical properties with respect to the MPB and thus help in understanding the physical properties in this 
region, of great interest from the applications point-of-viewld. It has been found that the maximum values of dsa for 
rhombohedral PZT with x= 0.40 are pot obtained for samples polarized along the [111] direction but along a direction 
close to the perovskite [001] directionc^. This points out the intrinsic importance of the [001] direction in raerovskites, 
whatever the distortion present, and is consistent with Corker et aZ.'s model for the rhombohedral phasec3, and the 
idea of the rhombohedral-tetragonal transition through a monoclinic phase. 

It is also to be expected that other systems with morphotropic phase boundaries between two non-symmetry-related 
phases (e.g., other perovskites or tungsten-bronze mixed systems) may show similar intermediate phases. In fact, ^ 
indication of symmetry lowering at the MPB of the PZN-PT system has been recently reported by Fujishiro et alS^. 
From a different point-of-view, a monoclinic ferroelectric perovskite also represents a new challenge for first-principles 
theorists, until now used to dealing only with tetragonal, rhombohedral and orthorhombic perovskites. 

A structural analysis of several other PZT compositions with x= 0.42-0.51 is currently in progress in order to 
determine the new PZT phase diagram more precisely. In the preliminaryj-version shown in Fig. 1 we have included 
data for a sample with x= 0.50 made under slightly different conditiong23 at the Institute of Ceramic and Glass 
(ICG) in Madrid, together with the data described in the present work for a sample with x= 0.48 synthesized in the 
Materials Research Laboratory at the Pennsylvania State University (PSU). As can be seen the results for these two 
compositions show consistent behavior, and demonstrate that the Fm-Ft phase boundary lies along Jaffe et aZ.'s MPB. 
Preliminary results for a sample from PSU with x= 0.47 show unequivocally that the monoclinic features are present 
at 300 K. However measurements on an ICG sample with the same nominal composition do not show monoclinicity 
unambiguously, bjit instead a rather complex poorly-defined region from 300-400K between the rhombohedral and 
tetragonal phased. The extension of the monoclinic region and the location of the Fij-FM phase boundary are 



still somewhat undefined, although it is clear that the monoclinic region has a narrower composition range as the 
temperature increases. The existence of a quadruple point in the PZT phase diagram is an interesting possibility. 

Acknowledgments 

We wish to gratefully acknowledge B. Jones for the excellent quality of the x= 0.48 sample used in this work, and 
we thank A. M. Glazer, E. Moshopoulou, C. Moure and E. Sawaguchi for their helpful comments. Support by NATO 
(R.C.G. 970037), the Spanish CICyT (PB96-0037) and the U.S. Department of Energy, Division of Materials Sciences 
(contract No. DE-AC02-98CH10886) is also acknowledged. 



PbZr TiO, 

l-x X 3 



ouu 


1 


' 1 ' 
Pc 

— c>^ 


1 ■ 1 


1 1 1 1 1 

O Jaffe et al. 


600- 




\ 


\ MPB 


T M 


400- 




Fr 


\ 





- 


^O 


^ 


\ 


Ft 


200- 




"• 


A 




0- 


1 


' 1 ' 


1 ■ 1 


1 1 1 1 1 



35 40 45 50 

X(%Ti) 



55 



60 



FIG. 1. Preliminary modification of tlie PZT pfiase diagram. Jaffe et al.^s dataJ are plotted as open circles. The Ft — Fm 
and Pc — Ft transition temperatures for x= 0.48 and x= 0.50 are plotted as solid symbols. The Ft — Fm transition for x= 
0.50 is reported in ref. [22]. 
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FIG. 2. The Williamson-Hall plot for PZT (x= 0.48) derived from the measured diffraction peak widths in the cubic phase 
(T= 736 K). Particle size and microstrain are estimated from a linear fit (solid line). The plot for the (111) reflection in the 
cubic phase demonstrates the excellent quality of the ceramic sample (peak width ~ 0.02°). The plot of Ad/d vs. temperature 
is also shown as an inset. 
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FIG. 3. Lattice parameters versus temperature for PZT (x=0.48) over the whole range of temperatures from 20 K to 750 K 
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FIG. 5. Agreement factor, Kwp, as a function of Pb displacements for refinements with fixed values of x along tetragonal 
(110) and (100) directions as described in text. The well-defined minimum at x-^O.lQ A confirms the the result listed in Table 
I for model II. 
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FIG. 6. Observed and calculated diffraction profiles from the Rietveld refinement of the tetragonal (top) and monoclinic 
(bottom) phases of PZT (x= 0.48) at 325 and 20 K, respectively. The difference plots are shown below, and the short vertical 
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TABLE I. Structure refinement results for tetragonal PbZro.52Tio.48O3 at 325 K, space group P4mm, lattice parameters at = 
4.0460(1) A, ct= 4.1394(1) A. Fractional occupancies, N, for all atoms taken as unity except for Pb in model II, where N= 
0.25. 
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TABLE II. Selected Zr/Ti-0 and Pb-0 bond lengths in the tetragonal and monoclinic structures. Models I and II refer 
to the refinements with anisotropic temperature factors and local (110) displacements for Pb, respectively, (see Table I). The 
standard errors in the bond lengths are ~ 0.01 A. 

Bond lengths (A) 



tetragonal 



model I 



model II 



monoclinic 


1.87x1 


2.28x1 


2.13x2 
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TABLE III. Structure refinement results for monoclinic PbZro.52Tio.48O3 at 20 K, space group Cm, lattice parameters 
a™=5.72204(15)A, b„= 5.70957(14)A, c™=4.13651(14)A, /? =90.498(1)°. Agreement factors R„p= 3.26%, Kp2= 4.36%, 
X'=9.3. 



Jm 



U iso(A 



Pb 

Zr/Ti 

o(i) 

0(2) 




0.5230(6) 
0.5515(23) 
0.2880(18) 







0.2434(20) 





0.4492(4) 

-0.0994(24) 

0.3729(17) 



0.0139" 
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For Pb, \Jiso is the equivalent isotropic value calculated from the refined anisotropic values (Uii= 0.0253(7) A^,U22= 0.0106(6) A'^,U33= 
0.0059(3) A2,Ui3= 0.0052(4) A^) . 
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TABLE IV. Comparison of refined values of atomic coordinates in the monoclinic phase with the corresponding values in 
the tetragonal and rhombohedral phases for both the "ideal" structures and those with local shifts, as discussed in text. 
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Tetragonal local shifts of (0.03,0.03,0). 
Hexagonal local shifts of (-0.02,0.02,0). 
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